Motivations
It is now believed that the Strong and Electroweak forces are very well described by SU (3) c ⊗ SU (2) L ⊗ U (1) Y at energies near or below the electroweak scale. It is also widely believed that the SM is just a low energy manifestation of some deeper unified theory which could explain why the three gauge couplings are so different, why the quantum numbers of the quarks are different from those of the leptons, and (wishfully thinking) why fermion masses are the way they are. Some of the most successful and popular unification scenarios are the quintessential SU (5) or SO(10) supplemented by supersymmetry. With 3 couplings α 3 (M tives be constructed for energy scales in the TeV region instead of being close to the Planck scale? These are well motivated questions which are enhanced by recent interests in the possibility that the "fundamental scale" lies in the TeV region, in the context of large extra dimensions. The key quantity used in the search for such alternatives is
which is very precisely measured. Twenty two years ago, a construction of an alternative to GUT was made by Hung, Buras, and Bjorken 1 based on the data available at the time, namely sin
22. The unification scale was found to be ∼ 1000 T eV , "small" enough to be coined the name Petite Unification (PUT) .
In light of the new and more precise data and of new theoretical motivations, a reexamination of PUT was performed by two of us (AB and PQH)
2 yielding three possible scenarios with some containing unconventional fermions. These three scenarios predict the PUT scale to be less than 10 TeV. What is most remarkable about two of the three scenarios is the existence of these unconventional fermions which provide a natural way for avoiding the severe constraint coming from the process K L → µe, as we shall see below.
Since the concept of large extra dimensions involves scales in the TeV range, it was natural to investigate the possibility of early unification within the LED context. This, in fact, has been done by Chacko We assume the PUT gauge group to be G = G S ⊗G W with the following pattern of symmetry breaking:
where
and
It turns out that the most economical choices for G S and G W are the Pati-Salam SU (4) P S 5 and SU (N ) k respectively. The PUT group is now
with a permutation symmetry assumed so that each SU (N ) of SU (N ) k has the same gauge coupling.
The next task is to compute sin
, and the matching of the electromagnetic coupling with the weak couplings at M Z , one arrives at the following master formula for sin
, and
with
b andb 3 are the one-loop Renomalization Group coefficients, aboveM , of U (1) S and SU (3) c respectively. Furthermore, the following (fairly) precise inputs are used in Eq. 6:
. From Eq. 6, it is important to realize the following point: If we require M andM to be at most 10 TeV, the logarithmic evolution of sin 2 θ W is less important than in the GUT case. In our case, a term which is crucial in the determination of sin 2 θ W is the following term in Eq. 6:
.
This can easily be seen by looking at sin 
with n 1 is the number of weak gauge bosons with charges ±1 and
]. The results for sin 2 θ 0 W are listed in Table 1 below. SinceQ Table 2 gives the values of C 2 S along with the corresponding quark and lepton charges.
From Table 1 , −
0,±1 SU (7) 3 0.292
[SU (7)] 2 1 0.292 6 7 , − 
These groups contain conventionally-charged quarks and leptons as well as unconventional quarks and leptons with higher charges ±4/3 and ±2 as can be seen from Table 2 . The G W -fermion representations are of the types: (f,f , ..).
The use of the term "favorite" actually means that these are the three groups that can give sin 2 θ W (M 2 Z ) within the allowed experimental range for unification scales which are less than 10 TeV. We shall see however that [SU (2)]
4 suffers from problems with rare decays, and we will be left with [SU (2)] 3 , [SU (3)] 2 as the true favorites.
In order to calculate sin 2 θ W (M 2 Z ) or, equivalently, the unification scale M , a knowledge of at least the fermionic degrees of freedom that enter the evolution of sin 2 θ W is necessary.
Unconventional Fermions
Although this section is titled "unconventional fermions", I will list the fermion contents of all three "favorite" candidates.
It should be understood that the adjective "Mirror" refers to something completely different (groups instead of fermions) from its customary use in Left-Right symmetric models.
Below the electric charges of the fermions are explicitely written down in parentheses next to their names.
• Standard Fermions:
⇒ No tree-level transition between normal quarks and leptons due to SU (2) H gauge bosons ⇒ No tree-level transition between normal quarks and leptons due to PS gauge bosons.
• Fermion Representations of the type (4, 3,3) and (4,3, 3 ).
• Same presence of higher charged fermions as in P U T 1 ! Is the presence of quarks and leptons with unconventional charges in P U T 1,2 a boon or a bane? As we shall see below, the existence of these fermions turns into a virtue for P U T 1,2 when we look at the decay process
Before discussing the virtues and defects of these three scenarios, let us do some RG analysis to see the range of values that the unification scales can take.
RG analysis and PUT scales
• If M andM are of O(TeV), there is not much "running" to do starting from M Z . This means that two-loop contributions to sin 2 θ W (M 2 Z ) are not as important as the one-loop contribution. A detailed RG analysis up to two loops within the context of P U T 1 will be presented in 6 . Here I will neglect that contribution for simplicity as we had done in 2 .
• To find PUT scales from sin 2 θ W (M 2 Z ) in our RG analysis, we assume the unconventional fermions to have a mass M F = (250 ± 50) GeV . Furthermore, we assume all vector-like fermions (present in P U T 1,2 ) to have a mass of order M .
• Let us start out withM = M . We then use Eq. (1), namely sin 2 θ W (M 2 Z ) = 0.23113(15), as a constraint to obtain M . Since the scale of SU (2) R ⊗SU (2) L ⊗SU (2) R breaking is naturally of order M , we require (from the constraint on W R ) that M ≥ 800 GeV . Furthermore, we also require M F ≥ 200 GeV . We obtained the following results shown in Figure 1 .
• One can also look at the case whereM = M . This is shown in Figure 2 below.
The following conclusions arise by examining Figure 1 . 1) For P U T 0 , one needs the number of generations n G ≥ 9 for the SM and n G ≥ 4 for MSSM. 2) For P U T 1 with n G = 3, one obtains M = (1.00 ± 0.14). 3) For P U T 2 with n G = 3, one obtains M = (3.30 ± 0.47) T eV . From the above analysis, one can see that the PUT scales are all below 10 TeV as promised.
Virtues and Defects
I will now discuss in particular the defects of P U T 0 and the virtues of the unconventional fermions in P U T 1,2 .
-P U T 0 : The defects are the following: 1) Large number of generations! (On the other hand, why not?) 2) Tree-level transition between SM fermions which leads to a large
Since m G ∼ M < 1 T eV , the bound is violated by at least 13 orders of magnitude! Chacko, Hall and Perelstein five dimensions.
The virtues of the unconventional fermions are as follows. 1) Tree-level transitions via SU (2) H and SU (4)/SU (3) c ⊗ U (1) S gauge bosons only occur between unconventional and normal fermions. There is no tree-level FCNC.
The process K L → µe occurs in box diagrams and can be made small! (Exactly zero when the unconventional fermions in the boxes are made degenerate.)
2) The lightest of the unconventional fermions (quark or lepton) is unstable. It can decay entirely into normal fermions since the Higgs sector for the model can mix W L , W R , W H . For example, ifl u (−1) were the lightest of such particles (still presumably having a mass larger than M W ), it can have the decay model u (−1) → νW . The rate will depend on the details of the mixing of the gauge bosons 6 . 3) Since the lightest one is unstable, there is no cosmological constraint. 4) Fermions such as these unconventional ones can be searched for at the LHC (see 7 ) , especially if they are relatively 'long lived".
Conclusions
From our analysis, we have arrived at two favorite models:P U T 1 and P U T 2 .
(A detailed study of P U T 1 will appear in the very near future 6 .) The correct sin 2 θ W (M 2 Z ) was obtained for a PUT scale from 1-10 TeV. These models predict an absence of tree-level FCNC because of the presence of unconventionally charged quarks and leptons: The tree-level transitions only connect these fermions to the normal ones! Heavy (less than 1 TeV) and perhaps "long lived" quarkonic or leptonic unconventional fermions are characteristic signatures of this model. Is this a heavy price to pay for early unification or an actual bonus? Last but not least, since the unification scale is in the low TeV region, one might wonder if there is any link to the physics of large extra dimensions.
